Abstract-This paper presents a transient analysis of various configurations of DC distribution systems. A combination of theoretical and practical methods were used to investigate the behavior of the system's variables after the occurrence of faults and the protection operation. A number of networks of varying complexity were built with detailed cable models using the EMTP/ATP software package in order to simulate a multitude of faults and assess each network's response at various positions and most crucially, the effectiveness of the protection scheme in reducing the impact of the transients after the fault. The travel speed of the transients was also investigated. At the same time, a set of measurements was conducted on a DC street lighting network to study the transient behavior of a real system. Another model was built to resemble the measured system, in order to compare between the simulation and measurement results. Finally, the evaluation of the measurement and simulation results leads to conclusions that will contribute to the creation of better, safer and more versatile DC distribution grids.
I. INTRODUCTION
The emergence of renewable energy generation and the significant development of distributed generation are a result of the ever-increasing power needs of our society. Naturally, this puts a strain on the operation of power transmission and distribution networks. To provide good quality, reliable power we need to rethink the way that energy is distributed. The future systems should be able to include intermittent power sources as well as handle bidirectional power flow in some parts of them effectively.
The solution to this power problem is the application of smart grids, networks that allow for more refined control over the power flow, making possible the further integration of intermittent power sources. Smart grids can also provide additional functions such as optimization to fully take advantage of storage and balance production and consumption more easily [1] . This will ultimately lead to more flexible power systems that will be able to meet the changing power demands. There has been some progress regarding smart grids operating on AC, but we also need to consider the alternative of DC.
DC technology has been utilized in the transmission sector for some time now, preferred over AC due to lower losses and better behavior in longer distances. However, DC is also making a comeback in the low-voltage sector largely thanks to the popularity of power electronics and the subsequent rapid increase in DC electronic loads as well as the many renewable sources and storage systems that have DC output. A DC distribution system to connect them would cut down the cost and size of many traditional transformers that would be replaced by much smaller and cost effective DC/DC converters. Power delivery in a DC grid has also been shown to be more efficient than in an equivalent AC system [2] .
Nonetheless, there still remains a lot to be accomplished for the adoption of DC in distribution networks, such as the introduction of universal standards, as highlighted in many publications [3] [4] . Protection and safety for low-voltage DC are major concerns too, as the lack of zero crossings in the DC current waveform means that traditional protection methods cannot be applied here. The alternative is to take advantage of the progress in power electronics and use solid state protection instead.
By making use of solid state protection, various protection topologies have been proposed. Some techniques employ traditional overcurrent configuration and others propose more complex solutions which include communication and Intelligent Electronic Devices (IEDs). One of the latter [5] , studies a ring bus system and breaks it down in several protection zones, defined by overlapping nodes and links. An IED is connected to each zone and controls the local devices based on the information exchange with other IEDs.
A recent publication [6] examines the individual contributions to the fault current in a simple system in order to come to a conclusion regarding protection requirements. Every capacitor, converter and feeder can contribute to a fault current, which is a problem for DC systems. The paper also discusses the traveling surges that are reflected in the system, and how, depending on each contributing component's distance from the fault, the peak current can vary. The fault resistance itself can play a major role, as it determines the reflection coefficient and therefore affects the form of the fault current. All this serves to show that there needs to be more insight regarding the transient effects of the fault and the system's protection on the rest of the system. Large-scale DC systems are in their infancy, so in the effort to protect those systems in the best way, it is imperative to constantly evaluate the impact of the proposed protection scheme on the rest of the system. Transient analysis and protection go hand in hand, the former providing feedback to the latter. For the purpose of this transient analysis, the EMTP/ATP software was used. ATP is widely known as the most used program for modeling electromagnetic transients in power systems, and can produce reliable results with a multitude of suitable components to choose from.
The models are bipolar DC systems with DC sources and capacitive DC loads. An example of a very simple model is in Figure 1 The nominal system voltage is set at 350 V per pole, and each load is considered to be a house with an average power consumption of 2 kW. The source capacitors are rated at 220 μF, while the load ones at around 570 μF. An important part of the models is the proposed protection circuit, which includes the MOSFET switch along with its included snubber, an RCD voltage clamp on the source side and a diode with an inductor on the load side to limit the fast rise of fault currents. The maximum current rate of change that is acceptable without destroying components is 4 MA/s , and the limit of acceptable overvoltage is roughly 50 Volts above normal operation, so 400 V. This results in an inductor of L = 100 μH. Based on that, a rough approximation for the dimensions of the clamp capacitor was made. A similar inductor further up the system would have stored energy equal to 1 2 * L * I 2 . After the switch close to the fault turns off, this steady state energy (minus losses of the cable in between, which are neglected here) will need to be stored in the clamp capacitor. With an inductor of 100 μH, a steady state current of roughly 40 A and a maximum overvoltage of 50 V the desired capacitance would be:
Another important part of the models is the cable components. In order to produce reliable results regarding the transients, it is crucial that the cable components are as realistic as possible. For this reason, cable data from the manufacturer Draka was obtained. It is a halogen-free, braided 0.6-1 kV power cable, with XLPE insulation, commonly used in AC, but also used in DC installations. The specific model contains 4 conductors (3+1 protective earth) of 4 mm 2 area each, made of solid copper (models with a cross section area above 6 mm 2 are made of Litz wire). The electrical characteristics of the particular cable are presented in Table I: The cable element in ATP should be distributed while also incorporating the mutual inductance and capacitance between the conductors. The data from the manufacturer did not make this explicitly clear, so calculations were performed to confirm that that was indeed the case. According to relevant documentation( [8] , [9] ), the formula for calculating the inductance is much simpler in a symmetrical arrangement. If we simplify and accept that the 3 conductors form an equilateral triangle, the formula would be L = μ0 2 * π * ln ( GM D /GMR). Assuming symmetry and identical, equidistant solid inductors, then the GMR (geometric mean radius) is equal to the effective radius of the conductors, while the GMD (geometric mean distance) is the distance between their centers. The radius can be calculated by the given conductor area, r = 4 π = 1.12 mm and GMR = r = 0.779 * r. The distance between conductors is not known, but a reasonable approximation given the physical characteristics of the cable on the datasheet would be d ≈ 3 * r. Using these values, the formula gives L ≈ 0.359 mH/km, which is very close to the value given in I. As for the capacitance, it can be safely assumed that the operating value given also includes the mutual effect.
The chosen cable element in ATP requires the symmetrical component data (specifically sequences 1 and 0) for the resistance, the inductance and the capacitance. Using existing knowledge of cable symmetrical components from an ABB manual [10] , and assuming that the given operating values refer to the positive sequence 1, the zero sequence components are L 0 = 1.08 μH/m, C 0 = 0.3096 nF/m and R 0 = 0.01844 Ohm. Please refer to the thesis this paper is based upon [11] for more information on how these results were calculated.
III. TRANSIENT SIMULATION RESULTS

A. Simple Line Model
The first model to be shown ( Figure 2 ) is similar to the one in Figure 1 , with the addition of one more protection circuit and some more cable. Immediately after the fault, the clamp capacitor at point A starts feeding current into the fault (voltage drop), and the protection circuit close to the fault interrupts the current, at which point the same capacitor stops discharging. However, the current flowing in the rest of the system cannot immediately stop flowing due to inductance. That explains the clamp current inrush right after the circuit is interrupted. During this stage, the clamp capacitor at A is charged by the source through the diode, as is evident by the rise in the voltage. In this way, the clamp absorbs the residual energy in the healthy part of the system.
The capacitor then has to discharge, since its voltage is higher than the system's nominal 350 V. This is done through the clamp resistor, where part of the stored energy is dissipated. That is why the voltage during the discharge phase is not smooth. The rest of the energy is returned to the system. During the discharge process, the capacitor voltage drops and the current is of course negative. The dotted plot indicates the voltage at the source-side clamp, and is included to show the effect that the fault and the protection have on the rest of the system with the current configuration.
It is also important to note that the overvoltage observed at the clamp is depending on the inductance before it. This inductance is the sum of the cable inductance and the previous clamp's inductor, which is much larger than the cable inductance. As a result, the clamp can be designed with a specific maximum allowed overvoltage in mind based on just the value of that inductor (100 μH), since the cable would have to be impractically long to have an appreciable impact on the clamp overvoltage.
B. Branching Model
In the following model (Figure 4) , the DC source is connected to 3 loads through one node.
By simulating a fault on the load connected to the clamp at C, we can assess the effect a disturbance in one part of the system has on the rest of the branches and the source itself.
After the fault occurring at 10 ms, the voltage close to the fault point unsurprisingly drops the most with a decrease of 22 V in the 8 μs it takes for the fault current to be interrupted. In the same amount of time, the voltage at the other loads is affected to a lesser degree, with milder drops of 2 V. The effect on the source voltage is imperceptible, which is most probably because of the large output capacitors. After interruption, a voltage spike is observed, which is caused by the inductors' reaction to the abrupt current change. This is observed in all three of the loads, and the time difference between those three spikes can be used to calculate the propagation speed of the voltage pulse from the fault location to the other measuring positions. To be more specific, measuring the time difference between position A (red) and B (green), we get 3.12 μs s of delay. The distance between them is 200 + 200 = 400 m, so the speed would be: 400 3.12 * 10 −6 ≈ 1.28 * 10 8 m/s which is very close to the speed of 1.27 * 10 8 m/s that was set in the cable parameters. The capacitors absorb the remaining current and their voltage increases, with the one closest to the fault being the highest, of course. it is clear that distance from the fault determines the severity of the impact.
The clamp seems to operate as intended so far, but there are cases where that does not happen. Figure 5 shows the after-effects on the same voltages after a bolted pole fault at the same position. The difference is very noticeable. After the MOSFETS interrupt the circuit, the load capacitors start discharging on the fault. This current flows through the ground back to the converter grounding point and through the neutral conductor to close this ground loop. This seems to affect the rest of the system as well.Due to the nature of the capacitors, the peak of this discharge current can exceed 100 A. Even if both poles are disconnected, the path of the loop remains intact. his disturbance is not acceptable and should be reduced. A proposed solution to achieve that is to introduce diodes in front of the load capacitor to prevent them from discharging. The results can be seen in Figure 7 . It is obvious that the effects have been mitigated significantly, since the voltage close to the fault point does not increase nearly as much and the effect on the other measured positions is also smaller than before.
C. Road System
The final system to be shown is a small street of houses with DC supply via a central DC converter. Some of the houses have solar panels installed, while others draw half their nominal power. In Figure 8 the colored boxes represent houses at half power, while the second and third on the top side have solar panels, represented by constant current sources of 1 . The solar panels are also grounded, which is bound to give some interesting results, especially after an earth fault.
The first fault to be simulated is a bolted pole fault at position 1 (close to the end of the street on the right). The voltages at points A, B, C, D and E are shown in Figure 9 . It is obvious that, beside the fault position E, the greatest impact is observed at the closest load D. Both voltages drop (approximately 20 and 40 V respectively), and charging of the clamp capacitors commences after the MOSFET switches off. After the clamp capacitor at E is charged, it starts discharging and from then on follows the local voltage, as the capacitor at D and the other nearby loads are also charged and discharged. We see in this way not only how the effect is delayed from the origin to other positions, but also the damping effect. The impact on position C, which is roughly in the middle of the road, is much smaller, but the pattern is still recognizable. The other two positions A and B are practically unaffected by the fault at the end of the line.
The second one is an earth fault at position 2 (the second load at the bottom side). The voltages in Figure 10 present quite a different result. First of all, the oscillations in case of an earth fault take much longer to damp. That is because the inductor of the clamp retains some current after interruption, and that is circulating through the ground and to the rest of the system. Also, this loop is formed by the earth fault and the three grounding points, which explains why voltages in positions D and E are much less affected.
IV. DC SYSTEM MEASUREMENTS The DC measurements were carried out on a DC street lighting system built by Direct Current B.V. and owned by Luminext. A schematic of the system is seen in Figure 11 . It is a bipolar system with two separate converters at 350 V each. Shunts detect overcurrents and coils earth leaks, and if any of those occur the MOSFETs at the output of the source turn off. Each lamp has a PLC driver in parallel, which is used for control. The crowbars are thyristors that close after a fault to discharge the PLC capacitors.
The results that will be shown come from measurements in 3 lamps along the system. The potentials of the positive, neutral and negative pole were measured, as well as the fault current in some cases.
The first Figure 12 is from a pole fault at the second lamp, midway through the system. It is interesting to note how easy it is to identify the type of fault. Since the potentials of the positive and neutral conductor become equal after the fault, it is clear that this is the result of a pole fault. This can only be seen in the potentials of the lamp that was faulted, so the location of the fault can also be found if measurements from more positions are available. Another important point is the bump in the positive voltage which is due to the bouncing of the mechanical switches used to make the fault.
The second Figure 13 depicts an earth fault at the same position. In contrast to the previous result, the potentials behave quite differently here. First of all, the nature and location of the fault is again easy to discern. The positive conductor is brought to zero potential abruptly, while the other two potentials drop by about the same as the positive conductor. That happens because the capacitance of the system is not allowing the voltages (potential differences) to change abruptly. So, since one conductor is forced to zero potential, the potential of the others is forced downward as well so the difference is momentarily maintained. After that the capacitance discharges and the two other potentials move slowly towards zero.
V. MODEL-MEASUREMENTS COMPARISON
In order to compare between the measurements and the simulations, a model of the street lighting system needed to be built. The model in Figure 14 includes the lamps as resistors with parallel capacitors for the PLC. The lamps are interleaved, except the last part of the line where they are only connected to the negative pole. The measured lamps are A (3rd), B(9th) and C(16th). Some of the in-between lamps are omitted. A bolted short circuit at lamp C is simulated, and the result is compared with the respective plot from the measurements in Figure 15 . The most striking difference between the two plots is the high frequency in the simulation which does not exist in the measurement. This is because the cable in the model do not have a frequency dependent response, while the real one filters out the highest frequencies. The only other visible differences are the slightly bigger dip of the positive and neutral conductors in the model and the non zero potential of the positive conductor in the measurement due to the switch bouncing. Other than that, the simulation closely follows the measurement.
VI. CONCLUSION
The simulation models in Section III showed that most of the after-effects of the fault and the current interruption can be successfully mitigated. Meanwhile, other effects such as the neutral-ground loop that allows current to flow in an earth fault even after both poles are disconnected is significantly diminished with the use of load diodes, but one pole operation is out of the question for bolted earth faults.
The measurements themselves provided a wealth of data into the transient behavior of a real system. More measurements are needed to obtain data about the behavior of the crowbar and the converters, since it was not possible to measure the voltages and currents there due to a malfunctioning scope. The comparison of the data that was obtained with the corresponding model confirmed that the model could closely replicate the response of the system. This means that it is possible to have a fairly accurate idea of a DC system's transient behavior by using the models.
